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SUMMARY

In order to provide a basis for judging the relative
Importance of wing failure by fatigue and by single
intense gusts, an analysis of wing life for normal
cruising f13.ghtwas made based on data on the frequency
of atmospheric gusta. The independent variables con-
sidered in the analysis included stress-concentration
factor, stress-load relation, wing loading, design and
crulshg speeds, design gust velocity, and airplane size.
Several methods for estimating fatigue life from gust
frequencies are discussed. The procedure selected for
the analysis is believed to be simple and reasonably
accurate, though slightly conservative.

The results of the analysis indicate that, In gen-
eral, the fatigue life and single-gust life of an air-
plane wing are of about equal tiportance for conventional
designs and normal operating renditions. The fatigue
life appears to be influenced mainly by the detail design
and construction and not greatly by normal changes in
operating speed or by moderate changes in the design gust
velocity. Single-gust life, however, is not appreciably
affected by the detail design and construction but is
markedly affected by operating speed and by changes in
design gust velocity. The trends in design toward higher
wing loading, reduced load factor, larger size, and
increased speed appear to have a small effect on both
fatigue life and single-gust life.

INTRODUCTION

Considerable interest has recently developed in this
country concerning the fatigue life expectancy of the
primary structure of an airplane. The trends in airplane .
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design toward higher speed, higher wing loading, and
larger size have been cited as indications that fatigue
troubles and reduced life are becoming of increasing
importance. Available literature does not show very
clearly, however, whether fatigue life is important.
Authentic cases of fatigue failure of the primary struc-
ture have not been cited. Furthermore, no evidence has
been presented for assuming that design trends shorten
fatigue life. The obscurity of this subject is partly
the result of the absence of statistical data on the
repeated loads or stresses to which airplane structures
may be subjected in service operations and the consequent
absence of analytical treatments of the problem.

In order to estimate the relative importance of
fatigue in the primary structure, an analysis is made
herein of the effects of a number of variables on the
fatigue life of airplane wing structures subjected to the
numerous gusts encountered in normal transport flight
operations. For this purpose, the statistical gust data
of reference 1 have been utilized. The values of fatigue
llfe thus obtained are compared with the life expectancy
based on the probability of encountering single gusts of
excessive magnitude.

Inmost of the cases analyzed, it is assumed that
the wing is designed to withstand a static load corre-
sponding to the load imposed by a gust having a velocity
of 30 feet per second at design level-flight speed. For
this condition the effects of stress-concentration factor,
fatigue properties of the structural material, design
speed, desi~ wing loadlng, and stress-load relation were
determined. The effects of variation of the design load
condition are also determined and the effect of airplane
size is considered.

METHOD OF ANALYSIS

Single-Gust Life

As pointed out in reference 1, ‘lLii?eexpectancy is
governed not only by fatigue but also by the probability
of occurrence of single quasi-static loads of such high
magnitude as might endanger the structure directly.if The
probable life, as governed by the action of a single
excessive gust, may be termed the “single-gust lifetfand
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Is taken herein as the number of miles required, on the
average, to encounter a gust suf’flciently strong to Induce
a stress equal to or exceeding the yield-point stress.
Since increased airspeed-reduees the gust intensity
required to develop any given stress, for a given airplane
the frequency of occurrence of the ~itlcal:stress will
increase wtth increasing airspeed and hence the single-
gust life will depend upon the actual operating speed.

, Fatigue Hfe

The problem of determining the fatigue lif’eof an
aircraft struct~wal member subjected to the randomly
varying loads caused by atmospheric turbulence may be
discussed in three phases: the interpretation of availa-
ble gust-frequency data for fatigue studies, the deter-
mination of’the fatigue life of a material under random
atresa varlationa~ and the consideration of the effect of
stress concentrations in structural members. A8 various
methods of solving each of these three components of’the
problem are available, several methods are discussed
briefly and a procedure is chosen as a basis for this
analysis. Although the procedure selected:gives reasona-
ble values of life expectancy, the present status of
knowledge concerning every part of this problem and the
problem as a whole is such that reliance should be placed
only on the trends and general implications of the
results, not on the absolute magnitudes of fatigue life.

Interpretation of gust data.- The determination of
the s%ress associated with a given effective gust velocity
for the usual assumptions of static loading and uniform
distribution of gust velocity along the span is a well-
known process. In spite of their limitations, these
assumptions appear to give reasonably accurate results.
(See reference 1.) Tn the present analysis the usual
assumptions are therefore retained and the gust inten-
sities are converted to stress intensities by using the
simple gust fomula (equation (1) of reference 1).

Fatigue analysis requires the determination of the
stresses associated not with a single gust but with many
gusts of various magnitudes. Data on the frequency of
occurrence of gusts of various magnitudes are presented
in reference 1. As shown there, the frequency distri-
bution may be represented by the summation curve of the
relative-frequency distribution; such a summation curve

.—— —— . -—. ...— . .— -.
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Is reproduced as figure 1 (curve A of fig. 7, reference 1).
This curve, together with the Clata”ontotal number of
gusts per mile of operation given in reference 1, provides
a basis for the determination of the number of stress “
cycles per mile of operation.

A simple and common way of interpreting gust-frequency
data for fatigue studies is to group the gusts in pairs
of equal magnitudes having opposite signs for conversion
to stress cycles about a constant mean stress corresponding
to the lg load on the airplane structure. Unpublished
results indicate that, actually, only about two-thirds of
the gusts are grouped In this manner and the other third
are not. A more nearly correct representation of the
other one-third of the data would be effected If the num-
ber of cycles for this third were doubled and the range
of stress reduced to one-half of the range in the simpler
representation. The more refined interpretation would
also change the mean stress from the values corresponding
to lg to a set of values dependent upon the stress ampli-
tudes. Examination of fatigue data indicates that the
net effect of the changes introduced by the closer
approximation of the gust d~ta is to increase the esti-
mated fatigue life, primarily because of the great effect
of the reduction of stress range. The more common inter-
pretation, becatlse it is SOm8What more conservative as
well as simpler, has been chosen as a basis for the . -
present analysts.

Application of fatigu e data for materials.- For
practical reasons, fatigue tests of materials are usually
made in such a way that the fatigue life for a given mean
stress is found in terms of the number of stress cycles
requtred to cause failure with constant amplitude”of the
stress cycle. The results of such tests indicate, as 1s
well known, that the number of cycles required to cause
failure decreases as the stress amplitude or maximum
stress increases. The data are usually represented in
the form of S-N curves, an example of which is shown in
figure 2. Even in the case of simple specimens of
material, the scatter of the data is so.large that the
determination of the number of cycles..required to cause
failure is accurate only within a factor of 2 or 3 and
even greater factors are not at all uncommon.

Fatigue tests in which the actual nature of stress
fluctuations Is precisely represented have not been made,
although a few tests have been made In which stress
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amplitude has been ohapged on single specimens. Although
some general tendencies have been disclosed by these

... teata. the data,are..lnadeauate to.mrnvide a.basis for the
predl~tion of fatigue”
stress fluctuations.
adding the effects of
rectly, some leveling
effects must be used.

lif% under tbe action of “randma ‘
Since there is no known way of
random stress fluctuations cor-
or averaging method of adding these

One method, which might be called the linear method,”
is to assume a straight-line dsmagtngeffect of the cycles
at any stress level. The number of applied cycles at any
level is divided by the number of cycles required to cause
failure at that level to obtain the fractional damage
done. The cumulative effect or damage caused by all
stresses is thus the sum of the fractional damages at
each level and, if the sun exceeds 1.0, failure 1s assumed
to have occurred. The basic concept of this method seems
re~sonable, but a difficulty arises in making the proper
cho2ce of stress Interval. The use of too large an
interval will give erroneous “results whereas too small
an interval will result in an excessive smount of compu-
tation and a false concept af accuracy. The optimum
stress interval is therefore a matter of personal :ud~ent
and experience. Another deficiency In the linear method
is that It does not accmnt for the effect of stresses
below the endurance limit. The effects of these lower
stresses may be beneficial and can be taken into account
by means of a modification suggested by Langer (refer-
ence 2), In which an average fractional damage or repair
1s assigned to each cycle at each level. This procedure
is cumbersome and requires far more experimental data
than are now available.

Another method of predicting the fatigue life of a
material, which might be called the intersect method,
Involves the assumption (reference 3) that, for any total
number of cycles or any duration of operation, the mate-
rial is safe if the smmnation curve of the applied stress
cycles remains below the corresponding S-N curve of the
material (fig. 2). In comparing the smmation and
S-N curves, it Is found convenient to hold the mean stress
constant. The fatigue life is found when the stress-cycle
summati?n curve, which shifts to the right with increasing
number of miles flown, contacts the corresponding
S-N curve of the material. The intersect method Involves
the implication either that the damage line is very close
to the S-N curve for the material considered or.that, in
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the region of contact, the net beneficial effect of the
stress cycles below any level compensates for the damaging
effect of the higher stress cycles to such an extent that
all the higher stress cycles can be considered to occur
at that level. The few appll=”ble test results (rafer-
ence 4) indicate that this assumption is reasonable.

The linear method gives somewhat shorter llfe (within
the limits of scatter o: fatigue-test results) than the
intersect method when applied to the stress summation
curve derived from gust-frequency data. Applicable
fatigue-test results are too few, however, to permit con-
clusions concerning the relative accuracy of the two
methods. Since the intersect method has the advantage
of simplicity, this metho”d is utilized in the analysis.

Stress-concentration factors.- S0 long as the maximum
stres=s in tensio=and compression are below the elastic
limit, any given stress-concentration factor may be
applied in the customary manner (reference 5). The deter-
mi]l.ationof the proper stress-concentration factor, how-
evei’,presents some difficulty. ‘,Vhenstresses above the
el~.stic limit are consldelted,furthermore, the unloading
eff~ct of plastic action In the region of stress. concen-
tration reduces the maximum stress below that given by
the stress-concentration factor.

If the average mean stress in cyclic loading is not
zero, the effect of the plastic action is to reduce the
mean st?ess at the point of stress concentration. The
hypothesis used in this report is that the first cycle
which causes plastic action results in a lowering of the
mean stress in the region of stress concentration but
that the entire stress-concentration factor is still
effective wtth regard to the range of a cycle in this
region. As an example, if a stress-concentration factor
of 3 is present and the average mean stress in the member
is A, the value of the stress at the point of stress
concentration is 3A. If the average stress is now
increased by B, the stress at the point becomes 3(A + B)
under elastic conditions. If the amount 3B is sufficient
to cause plastic action, however, the most highly stressed
portion will unload to a less highly stressed portion and
the maxhuuu stress wI1l be 3(A + B) - A, where A is the
amount of unloading. The material at that point will
behave elastically when the average-stress increment B is
removed; and when the stress at the point of maximum
stress concentration decreases. by the corresponding



..—— . ..- .-..

NACA ARR No. L5F27a ?

amount 3B, the mean stress at the point beccxnes 3A - A.
,. Subsequently, as.long as no average-stress increment

exceeding B is imparted to’the”rn~ber,”””the-stress cycles
in the region of maximum stress mncentratlon will be
acting about the lower mean stress 3A - A.

One way of determining the amount of lowering of the
mean stress due to plastic actionln the region of stress
concentration would be to.make use of the stress-stratn
curve of the material and a relaxation method of compu-
tation (references 6 and 7). Such a process would be
tedious and the result, still in doubt. A simple method
was therefore sought for calculating the stresses in the
plastic re@on. It is well lmown that, for moderate
stress concentrations in ductile materials, the stress
approaches uniformity at the ultimate strength. ThiS
fact led to Hartmainn’s assumption (reference 8) that the
strese-concentraticm factor decreases linearly from the
maxlrnum value at three-fourths the yield strength to a
value of 1 at the uitimate strength. This assumption may
be used in conjunction with the discussion just given on
cyclic loading in the plastic region to predict fatigue
life, providiilg the initial stress-concentration factor
caa be determined.

When plastic action Is taken into account, no single
fatigue life can be determined, as can be seen from the
following considerations. The limiting stress range of
a mate:ial for any given number of cycles ordinarily
decreases slightly with increasing mean stress.at the
lower maen stresses; however, the rate of decrease may
become quite large at higher mean stresses (reference 9).
Thus , since the material at the point of stress concen-
tration operates at a relatively high mean stress, pro-
vided an Initial cycle has not caused plastic action, the
fatigue life is slightly low as compared with the life
corresponding to the lower mean stress. If the Initial c -
cycle has caused plastic action in the material, with
resultant reduction of ‘mean stress for subsequent cycles
of iover amplitude, the fatigue life Is somewhat Increased
in accordance with the reduction In mean stress. In
summation, the following assumptions were used concerning
plastic action: that plastic flow takes place as expressed
by Harlmmnn~s relation, that no plastic flow takes place
subsequent to the first cycle, and that any range of
stress remains constant at the full value of the stress-
concentration factor times the average-stress range.

1, — .
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Since the fatigue life is affeoted by the order in
which the larger stresses occur, the fatigue life may be
plotted as a function of the first stress encountered, as
shown in figure 3. It is assmed for this curve that no
stress greater than the first is experienced. The life
obtained when the first stress encountered Is high enough
to make the mean stress at the point of maximum stress
concentration become zero will be referred to as the
‘fmsximum llfeti (point A In fig. 3). From the maximum
life, the fatigue llfe decreases with decreasing first
stress because of Increasing mean stress in the region of
stress concentration. A reversal In the curve occurs,
however, because of the decreasing stress amplitudes; and
the fatigue llfe approaches infinity as the stress
decreases. The life at the point of reversal is con-
sidered the minimum- life. Actually, If a low first stress
Is subsequently exceeded, the potential life is Increased
from that given by the first mean-stress level toward
that of the new mean-stress level. It may be seen that,
for normal gust distribution, the fatigue life must fall
between these two extremes.

CON171TIONS OF ANALYSIS

Although the analysis is restricted to the wing and
takes account of only the stresses Induced by atmospheric
gusts, a considerable number of variables inttluence both
the fatigue life and the single-gust life. In order to
keep the analysis as simple as possible and at the same
time to bring out the important points, those variables
that affect the fatigue ltie and the single-gust life in
the same ratio are held constant. For example, the size
and the geometrical configuration of the airplane have
been found to affect the two lives equally; the analysis
is therefore presented for only one size and one con-
figuration, although the influence of these variables on
the lives will be evident later. The analysis is mostly
for only one structural material because, although the
effect of change of material is not negligible, the
influence of other variables is relatively unaffected by
the material chosen. A check is given, however, for a
second material. Although gust frequency 1s actually
variable (reference 1), it Is assumed to be constant
because the Influence of changes in gust frequency can be
easily evaluated without specific trealment in the
analysis. Variables specifically treated Include
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structural detail - suoh as stress concentration
stress.-load relation...-.,design.speed, design ~ng
and basic design oriterlons.

.Constant Factors

9

-loading,

and c=:~::es::c::~_&~~:::~:::$’:e
hypothetical airplane having the wing dimensions of the
Douglas DC-3. The important factors governed by this
choice are the mean wing chord, 10.4 feet, and the slope
of the wing llft curve, .4.8.

Material of construction.- It was found desirable
to have the S-N CWV= Of the selected material range
from static load conditions to a great number of cy61es.
Since the fatigue characteristics of the common aluminum
alloy 17S-T in the region of high stresses and small
numbers of cycles had been investigated in reference 10
and since additional fatigue data of the usual type were
available in reference 11, 17S-T was used as the basic
material. Another common aluminum alloy, Z@-T, was
investigated sufficientl~ to determine the effect of
changing to this material.

Gust frequency.- The anal~sis is made for the unit
summation curve of relative gust frequencies (fig. 1).
This summation curve is the upper limit of the unit
summation curves of gusts from various sources and,
consequently, leads to conservative estimates of both
fatigue life and single-gust life. The absolute gust
frequency used in the analysis, 50/V gusts per mile, was
based on the data given in reference 1 ang is about
average for normal transport operations (c denotes mean
wing

SU ch

‘tiordin ft).
—

Variable Factors

Structural details.- Since stress concentrations In
fomns as holes, illets, grooves, bends, and surface..

blemishes occur In all struct=es, t~ variation of
fatigue life with stress-concentration factors from 1
to 6 was Investigated. Usual stress-concentration factors
for well-designed and well-fabricated structures aYe
within this range although the higher values are not
precluded. A typical value in a structure ideal except

Im .— - —
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for stress concentrations is 2.4, and in some examples
this value Is used as a constant while other quantities
are varied.

llNonllrlearllloading occurs in structures typical of
normal construction when one portion of a structure is
overloaded because another partion falls to carry Its
design s4hareof the load as a result of improper design
or fabrication. As the elastic limit is exceeded, the
overloaded portion of the str-~cturemay be relieved more
and more, with the result that at the higher loads the
loadlng tends to become uniform. Consequently, although
the fatigue life is greatly affected, the static pro-
perties and single-gust life are not materially altered.
In order to determine the ma&nltude of the effect on
fatigue life, a comparison was made between the ideal
structure and one in which such overloading was present.
In the structure selected, the overload factor was ~/3 up
to the elastic limit, after which the factor was reduced
linearly to a value of unity at the yield point.

Operating conditions.- Although operating conditions
determine the ratio of f~lght path In rough air to total
flight path and thereby affect the gust frequency per
mile of operation, the gust frequency per mile is held
constant for reasons previously given. The actual
operating speed also has an important effect on both the
fatigue life and the single-gust life; a variation of
this speed in roughest air Is considered in the analysis.

Whereas the airplane Is assumed to be designed
statically to yield with application of a 30-foot-per-
second gust at design level-flight speed, the airplane
is assumed to operate normally at a cruising speed of 0.8
of the design speed. Inasmuch as good operational prac-
tice requlr=s a-reduction In speed–below-the normal-
crulslng value when the air Is extremely rough, the
influence of a reduction in speed from 0.8 to 0.6 of
design speed during stretches of extremely rough air
determined.

the
was

Design conditions.- It was assumed, in general, that
the a~rplane was designed to yield with application of
an effective gust velocity of 30 feet per second at
design level-flight speed and that the stress was zero
at zero load factor. The effect of reducing the design
gust velocity to 25 feet per second was evaluated for one
condition of design speed and wing loading. For a design

.—, .-,.
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for an effecttve gust velo”clty of 30 feet per second, t@”
effects of variation in wing loading from 10 to 50 pounds
per”square foot and vartatiun In design level-flight
speed from 125 to 425 miles per hour were evaluated.

RESULTS AND DISCUSSION

Effect of Structural Parameters

Stress-concentration factor.- The effect of increasing
stress-concentration factor on the fatigue life of a wing
structure ideal except for stress concentrations Is shown
in figure 4. The results are given for two materials,
17S-T and 2)@-T aluminum alloy, and indicate both the
maximum and minimum lives as determined by the most
favorable and the least favorable sequence of gusts. As
is readily apparent, the fatigue life decreases rapidly
with increasing stress-concentration factor, so that
fairly short life is possible with moderately high values
of the factor.

The comparison between 17S-T and 2@-T aluminum
alloys shown In figure 4 is not Intended as an analysis
of the effects of different materials on fatigue strength
but was made simply as a check to insure that the choice
of one In preference to the other would not seriously
alter the implications of the general analysis, which has
been carried out only for 17S-T. The difference in
fatigue lives for the two materials Is not large. ThiS
result cannot, of course, be construed to mean that choice
of material generally has no influence on the fatigue
life. The similarity in the results for 17S-T and 2@-T
materials might have been expected, because the ratio of
the fatigue strength to ultimate strength in both
materials is about the same. In other words, the higher
strength of 2@-T, which causes increased stress ampli-
tudes for the assumed design condlti.ens,is about offset
by an improvement in the fatigue-strength qualities of
the material. In the case of certain high-strength
alloys, the fatigue life may sometimes be adversely
affected for two reasons: a reduction In the ratio of
fatigue strength to ultimate strength and an increase
in notch sensitivity.

The stress-concentration factor does not affect the
single-gust life, which Is shown in figure 4 for the
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normal cruising speed of 170 miles per hour and for a
speed reduction to 125 miles per hour In the roughest air.
It is well known that moderate stress-concentration fac-
tors do not appreciably affect static strength of ductile
materials because of the localized nature of the high
stress and because the plastic flow of material In the
region of stress concentration causes more uniform
distribution of stress at the higher loads. Since the
single-gust loading condition is a Itstatlcllphenomenon,
as contrasted with a fatigue phenomenon, the single-gust
life remains constant over a wide range of stress-
concentratlon factors.

Nonlinear stress-load relation.- The effect of a
typlcal structural imperf’ection resulting from desi~
or fabrication is shown in fi~e 5, which also shows the
results given in figure 4 for 17S-T material. The nature
of the Imperfection has been described in a previous
section. The considerable shortening of fatigue life
resulting from this Imperfection is clearly evident and
corresponds approximately to the reduction caused by
multiplying the stress-concentration factor by 4/3.

Single-gust life is unaffected by the structural
imperfection because the yield point was assumed to have
been reached with all the material active. With some
types of structural imperfection, this assumption would
not apply and the single-gust life, as defined on the
basis of yield-point stress, would be slightly affected.
In no ordinary case, however, would the ultimate static
strength of the structure be appreciably affected by the
type of structural imperfection under coi~sideration;
hence the single-gust life may be considered to be
unaffected.

Effect of Operating Conditions

Reduction of operating speed in roughest air.- Both
figures 4 and b show that the single-gust life Is
materially affected by the operating speed. In the case
assumed, the single-gust life corresponding to operat on
at a cruising speed of 170 miles per hour is 2.6 x 10i
miles, whereas the life corresponding to reduction of
operating speed to 125 miles pe

i
hour when the roughest

air Is encountered is 1.04 x 10 miles. It should be
noted that the reduced speed need be assumed to apply not
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to the entire operat~.ng life ‘butonly to the relatively
small ym.t.dqri,i..w,hieghthe roughest air Is encountered.

The ,reductlon of operating speed in the roughest air
has a negligible effect on the fatigue life, because only
the stresses resulting from tinerelatively few larger
gusts and f’roma small number of the smaller gusts have
been diminished. Diminishing the infrequent large
stresses on the summation curve (fig. 2) does not influ-
ence thg number of cycles of the smaller stresses required
to cause contact of the summation and S-N curves. When
the large stresses are diminished by a reduction of speed,
smm of the smaller strssses resulting from the less
severe gusts encountered during the operations in the
rolqjhest air will also be diminished. The nmber of less
intense gusts encountered during the short stretches of
the roughest air, however, is small compared with the
tatal number of the less flnten~e ~gustsand the fatigue
life is only very slightly increased by the reduction in
operating speed. This effect has been neglected In the
analysis. )

Variations in gust frequency.- As pointed out in
raference 1 the tgtal frequsficy of significant gasts may
be defined ~n term of the path ratio, which is the ratio
of the flight path in rough air to the total path of
operations. The value of 50/E Eusts per mile chosen for
the present analysis corresponds to & path ratio of
approxl.uately 0.1, w~ch is t’fl~ rne~ value f’or a number

of different operating mnriitions. The data of refer-
ence 1 indicat6 that the path ratio may vary between
values of 0.006 and O.~ according to the operating con-
ditions. The fatigue lives shown In the results presented
here may therefore be multiplied by appropriate factors
to determine the fatig~e lives corresponding to operating
conditions other than average. Similarly, the path ratio
has a direct effect on the single-gust l~fe.

Effect of Trends in Design and Reduction

of Design Gust Velocity

marks%%%$%
.- Because wing loading has shown a
o tncrease with the development of new

designs, there has been some fear that the corresponding
increase in the mean-stress level would result in
shortening the fatigue life. Ii’the design load factor

.
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is based on an effective gust velocity of 30 feet per
second, however, there is an offsetting influence in that
the stress amplitudes are reduced for a given set of gust
Intensities.

The net effect on fatigue life and single-gust life
of change In wing loading when the design is based on an
effective

t
ust velocity of 30 feet per second is shown

In figure The maximum and minimum fatigue lives are
shown for t~o values of the stress-concentration factor,
2.~ and 6.o; the single-gust lives are shown for compari-
son. It is evident that the net effect on the fatigue
life of increasing the design,wing loading is favorable, “
although the effect is only moderate for the higher
values or stress-concentration factor. This result
indicates that the favorable effect of reduction In stress
amplitudes has more than offset the deleterious effect of
the increase in mean stress. Single-gust life remains.
the same at all values of the wing loading.

Another trend in design, which has been cited as
causing a reduction of f~tiguo life, is the trend toward
lower design load factors. Although the effect of reduc-
tion of load factor has not been evaluated with other
factors remaining constant, it may be pointed out that
increasing the wing loading lowers the load factor when
the design is based on the gust criterion. Consequently,
lengthening of fatigue life with increasing wing loading
actually exists notwithstanding rather marked reduction
in the load factor. Figure 7 shows the yield-point load
factors corresponding to the wing loadings of figure 6.
The load factor decreases from about 5.7 to 2.3 as the
wing loading increases from 10 to 50 pounds per square .
foot . Although the reduction in load factor occurs at
the same time as an increase in the wing loading, It
should be borne in mind that trends in various features
of design are concurrent rather than separate; hence the
result shown in figure 6 IS probably a fairly accurate
indication of the effect of design wing loading on fatigue
life.

V .- The effect on fatigue life of Increasing
the des gn speed is shown in figure 8. The single-gust
life Is not appreciably affected by increasing design
speed, because the design Is assumed to be based on a
gust criterion. Although fatigue life Is evidently
adversely affected by increasing speed, the effect is
only moderate. The effect of speed approximately offsets
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the favorable effect produced by increasing the wing
loading, so that, If the wing loading and speed are
Increased concurrently,’not much change in .f’atlgue.llf.e... ‘
occurs.

The fatigue life is given in terms of operating
miles, the important economic factor, rather than in
terms of hours of operation. If expressed in hours, the
fatigue life would appear to be more adversely affected
by increasing speed.

Airplane size.- Data showing that the total frequency
of significant gusts is inversely proportional to the
wing chord are given in reference 1. In accordance with
these data, both t-hesingle-gust life and the fatigue
life may be expected to increase linearly with increasing
wing chord.

Reduction of desi n ~st velocit
–+ +:- ‘he ‘ffect ‘f areduc~o~ me es gn gust ve oci y .rom 30 feet per

sawrd to 25 feet per second is shown in figure 9. It is

evl~en~ that the %tigue lifo is not greatly reduced by
this change but that the single-gust life is reduced to
about one-eighth of Its original value.

Effect of Other Factors

The results a~ the analysis, although somewhat
limited in scope anG possibly oversimplified, provide a
basis for assessing the relative Importance on airplane
life of fatigue and sin@e-gast failures. These results
may be better appraised by qualitative consideration of
smne influences that have been neglected in the analysis.

In flight through turbulent air some dpamic over-
stress may be present, especially mar the wing tips.
Stress Increments due to such d~amic effects may be
about 10 percent of the stress increments resulting from
static-load application. Such incremental stresses may
be introduced into the fatigue analysis by changing the
load-stress relation In obtaining the stress summation
curve. General conclusions, however, may be drawn by
considering figure 9. The change in design gust velocity
from 30 feet per second to 25 feet per second has the
same effect as a u-percent increment in stresses, If
the slight change in mean-stress level Is disregarded.
For a 10-percent increment due to dynamic action,
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therefore, the single-gust llfe would be reduced by a
factor of about 4 whereas the fatigue life would be
reduced by a factor less than 2; thus the effect of
dynamic response on single-gust life is more pronounced
than the effect on-fati~e life.

The inclusion in the analysis of stress cycles
resulting frmn ground operation would, on the other hand,
adversely affect the fatigue life to some extent without
affecting the single-gust life unless the structure were
dsmaged in the ground operations. E!othfatigue life and
single-gust life may therefore be expected to be somewhat
less than the values given in the analysis.

The gradual increase in the design allowable stresses
for a material has not been considered in this analysis.
Again, however, general conclusions may be drawn from
consideration of figure 9. The change to a design gust
velocity of 25 feet per second is the same as a 1)+-percent
increase In the design allowable strength at a constant
desi~ gust velocity of 30 feet per second. A reduction
of the fatigue life by one-half is associated with this
change. “Thus the design allowable stresses used for a
material.have an important effect on the fatigue life of
the structure, and the trend to increased design allowable
stresses and more effective utilization of a material
will Iead to reduced fatigue life.

It has been shown that, on the basis of the assump-
tions made, the fatigue life is affected by the order of
stressing, and, if t~lefirst stress of a number of cycles
is high, the fatigue life is appreciably increased. This
result suggests.that beneficial effe@s might be had by
prestressing the fabricated structure.

Comparison of Fatigue, Single-Gust, and Operating Lives

The absolute values of the fatigue and single-gust
lives arrived at in this analysis may not be regarded as
accurately established, as previously noted. It iS Of
interest, nevertheless, to compare the values of life
expectancy obtained in the analysis with the m=imum
oparating lives of existing airplanes. Specific data on
this subject are no: available, although some information
indicates that commercial transport airplanes operate
regularly as much as 8 hours a day over the period of
their useful lives. If a cruising speed of 170 miles per
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hour is assumed, an airplane flown 8 hours a day for
10 years.would

P
ve an operating life of about 29,000 hours,

or “about 5 x 10 miles: Occasional failures of the over=
load t~e and fatigue failures wi.thmoderate values of
stress-concentration factor maybe expected within this
life. ... . .

The fatigue life and single-gust life appear to be
of about equal Importance; the actual life Involvlng .
either fatigue or direct failure due to overload depends
on the Influence of the operating. renditions and the
detail design and construction. A precautionary remark
should be made, however, regarding any direct comparison
of fatigue and single-gust llves; namely, the fatigue
life applies directly to individual airplanes, whereas
the single-gust life is a value of probability applicable
to a considerable number of airplanes of the same type.
In other words, before a fatigue failure will occur the
individual airplane must be flown for some length of the
but single-gust failures may occur at any time in the life
of an airplane.

It should be noted that the occurrence of a fatigue
failure in the primary structure does not necessarily
mean catastrophic failure of the structure. Since fatigue
failures occur at points of high stress concentration and
may thus be localized, considerable static strength will
normally remain. Tf the crack caused by fatigie is
detected early, the defective part may be replaced and
the useful llfe,greatly prolonGed. The same opportunity
does not exist for correcting the effects of single
excessive gusts except in the Improbable case !n which
the stress Is carried far enough beyond the elastic limit
to cause noticeable permanent set but not far enough to
cause complete failure while in the air.

In order
Importance of

CONCLUSIONS

to provide a basis for judging the relative
wing failure by fatigue and by single

intense gusts, an-analysis of wing life for-nomal
cruising flight was made based on data on the frequency
of atmospheric gusts. The independent variables. con-
sidered in the analysis included stress-concentration
factor, stress-load relation, wing loading, design and

—....-—...-— —— -.. .
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cruising” speeds, desi~:~st””ve~ccityy ~d. airplane:aiae.
The results indicate that:

1. The fatigue llfe and single-gust life appear to
be of about equal tiportance; the actual life involvlng
either fatigue or direct failure due to overload depends
on the influence of the operating conditions and the
detail design and construction.

2. Occasional failures of the overload type and
fatigue failures with moderate values of stress-
concentration factor may be expected within the operating
life of some existing airplanes.

3. The trends In design toward higher wing loadlng,
reduced load factor, larger size, and Increased speed
appear to have a secondary effect on both the fatigue
life and the single-gust life.

~. The design allowable stresses used for a given
material have an important effect on the fatigue ltie of
a structure,and the trend to increased design allowable
stresses and more effective utilization of a material
will lead to reticed fatigue life.

5. Fatigue life is determined primarily by detail
design and construction and is affected only to a sec-
ondary degree by normal changes In operating speed and
by moderate changes in design gust velocity.

6. Slngla-gust life is not appreciably affected by
the detail design but is markedly affected by operating
speed and by changes in design gust velocity.

Langley Memorial Aeronautical Laboratory
National Advisory Committue for Aeronautics

Langley Field, Va.
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